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Gerald W. Feigenson1,*
1Department of Molecular Biology &
Genetics, Cornell University, Ithaca,
New YorkThe coexistence of immiscible liquid
bilayer domains is thought by many
researchers to be a key property of
animal cell plasma membranes (1),
and possibly a wider range of mem-
brane types. The study reported in
this issue of Biophysical Journal by
Sodt et al. (2) provides a detailed
picture of these coexisting domains
in three different ternary mixtures,
including a rather good mimic for the
animal cell plasma membrane outer
leaflet. As these authors speculate,
the details of domain structure might
have predictive value for partitioning
of membrane proteins between dif-
ferent types of domains.
Starting more than two decades ago
with the original 2H NMR study by
Vist and Davis (3), and followed soon
after by the insightful work of Simons
and van Meer (4), a new type of immis-
cible phase coexistence was proposed.
In the cell biology community, this
became known as the raft hypothesis,
and in the membrane biophysics com-
munity, a more thermodynamics-based
view saw a coexistence of liquid-
ordered þ liquid-disordered phases.
This was an extraordinary develop-
ment that had not been predicted
from previous information—that two
different kinds of quasi two-dimen-
sional liquids could coexist in biolog-
ical membranes of living cells, and
could be mimicked in chemically
simplified model bilayer mixtures.
Following the notation of Sodt et al.http://dx.doi.org/10.1016/j.bpj.2015.07.037
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0006-3495/15/09/0854/2(2), these are termed ‘‘Lo þ Ld’’
phases.
Several kinds of mysteries still swirl
around these coexisting Lo þ Ld
phases. Nevertheless, it is useful to
consider the basis of Lo þ Ld for-
mation in the outer leaflet of animal
cell plasma membranes to be the
poor miscibility of a high-melting
temperature phospholipid such as SM
(sphingomyelin) with a low-melting
phospholipid such as a typical PC
(phosphatidylcholine), together with
the known strong preference of choles-
terol to neighbor the high-melting
lipid. In living cells, there is some
compelling but indirect evidence that
separated liquid bilayer domains actu-
ally do occur (5), but the small size
of any coexisting domains has plagued
their convincing detection. If this co-
existence does occur, then functional
rafts might well have key roles in
membrane trafficking, in signaling
from outside to inside the cell, and in
budding of enveloped viruses, to
name some of the possible roles (1).
Sodt et al. (2) escape wet lab exper-
imental limitations and instead use the
tools of all-atom molecular dynamics,
together with the computational power
of the ANTON special-purpose com-
puter (Shaw Research, New York) to
provide remarkable pictures of the
structures of these small Lo and Ld
domains in chemically simple bilayer
models. In an earlier study, they exam-
ined Lo þ Ld structure in the ternary
mixture, dipalmitoyl-PC/dioleoyl-PC/
cholesterol (6), and in this study they
progress to more biologically relevant
mixtures containing PSM (palmitoyl-
SM) as the high-melting lipid. They
start off in Fig. 1 showing us the final
simulated configurations of all the lipid
chains and cholesterol in the Lo and Ld
domains in the three types of mixtures
studied. This figure, together with the
three must-see movies of the lipid
translational motions in their Support-
ing Material, reveal striking details of
structure and motion of a biologically
relevant model of the Lo phase. This
phase, in contrast to the Ld phase,has strong ordering of lipid chains
into hexagonally packed arrays that
include ~5–25 high-melting lipids,
either PSM or dipalmitoyl-PC. The
diffusional motion of SM chains is
very much slower than that of chains
in the Ld phase, as the movies show,
and even slower than dipalmitoyl-PC
chains. The locally ordered chain
arrays are bordered largely by choles-
terol molecules rather than by mole-
cules of the low-melting lipids, whose
concentration in the SM-based Lo
phases is 3 or 8 mol %, whereas
cholesterol concentration is ~30%. In
other words, Lo phase domains have
a substructure of locally highly ordered
lipid arrays, but the arrays do not
condense into larger domains, and
instead are bordered largely by more
mobile cholesterol. Note that the role
of the low-melting PC in the Lo phase
might be greatly increased when it is
at the higher concentrations that occur
in coexisting Loþ Ld at higher choles-
terol fractions (7).
In the PSM-containing Lo phases, a
remarkable structure appears in addi-
tion to the hexagonally packed PSM
chains—well-defined linear arrays of
hydrogen-bonded SM amide groups.
A feature of this linear structure is
the alternating tilt of the SM amide
plane; each amide plane angle is
shifted when SM donates a hydrogen
bond to neighboring cholesterol, help-
ing that SM to accept a hydrogen
bond from a neighboring SM. But
when a SM accepts a hydrogen bond
from neighboring cholesterol, that
SM’s amide plane shifts in the opposite
direction, and is facilitated in donating
a hydrogen bond to a neighboring
SM. The authors imply that the well-
defined structure of these H-bonded
chains might resist protein insertion,
which would be more favorable into
the surrounding and more disordered
cholesterol-rich regions of Lo do-
mains. With this mechanism, protein
partition between Lo and Ld phases
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tightly packed hexagonally ordered re-
gions to more loosely packed choles-
terol-rich regions of Lo domain
substructure. Indeed, the potential
power of these all-atom simulations is
to enable detailed, structure-based ex-
planations of biological behaviors,
such as protein partitioning between
coexisting Lo þ Ld domains.
If this study mimics the equilibrium
behavior of coexisting Lo þ Ld do-
mains, which the authors have tried to
approach by use of long simulation
times with the ANTON supercom-
puter, then we might want to consider
the implications of their tabulation of
all of the nearest-neighbor contacts in
their Tables 2–4: One might be temp-
ted to think of this tabulation as con-
taining a total energetic description of
these ternary mixtures. However, it
has been shown that exclusively pair-
wise interactions are not sufficient
to describe such ternary mixtures,
and either multibody interactions or
possibly explicit domain interfacial en-
ergies are needed (8). Even so, a clear
finding that stands out in all of these
simulations of both Lo and Ld phases
is the strongly unfavorable energy
of cholesterol-cholesterol contacts, a
fundamental behavior of cholesterol
in bilayers that not all membrane re-
searchers have recognized. However,
the vexing issue of closeness to equi-
librium is not addressed explicitly in
these studies.
What can we learn from these all-
atom molecular dynamics simulations
that might be relevant to the mem-
branes of living cells? The authors
examined Lo phase local structure
and found that the more mobile and
less tightly packed cholesterol-richregions bordering the tightly packed
chain regions are more abundant in
the POPC (palmitoyl,oleoyl-PC)-con-
taining mixture than in the dioleoyl-
PC-containing mixtures, which tend
to have larger domains of hexagonally
packed chains. They make a reason-
able speculation that membrane-bound
proteins might partition more favor-
ably into an Lo phase that has a greater
fraction of the less tightly packed sub-
structure. This speculation is enabled
by the structural details revealed by
these simulations. The authors point
to including a greater diversity of lipid
types as a reasonable next step in their
simulations. An even simpler next
step might be to keep the number of
lipid components at three, but to
more closely approach plasma mem-
brane behavior by increasing choles-
terol concentration to 35–40% of the
mixture, which would be much closer
to the cholesterol concentration in the
cell plasma membrane. This would
have two effects on the local structure
of the Lo phase: First, somewhat
more cholesterol would be present in
the Lo phase; second, much more
low-melting lipid would be present
along with the cholesterol to break up
the tight hexagonally packed chains
of the SM (2,7).
The substructure of the Lo phase is
fascinating and is unlike ordinary
nonideal mixing within a phase. The
closer a simulation can mimic the puta-
tive biological Lo phase, the more
interesting to a wide audience of
researchers. One factor is closeness to
equilibrium, for although the authors
simulate as long as 9 ms, much longer
times likely would be necessary to
establish equilibrium for a SM-based
Lo phase. Another factor is the choiceof mixture to model the Lo phase, and
here PSM/POPC/cholesterol provides
a chemically simple but biologically
relevant bilayer mixture.ACKNOWLEDGMENTS
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